[1] A time-dependent, multidipole (TDMD) model has been developed to show the charge transfer during intracloud (IC) flashes with high time and space resolution. This model combines high-speed electric field measurements from a balloon-borne instrument (Esonde) and three-dimensional lightning maps from the New Mexico Tech Lightning Mapping Array (LMA). The result is a time-varying spatial distribution of charge along lightning channels, which reveals several details about charge transfer during IC flashes. For example, a flash in 2004 initially deposited negative charge in one region and later transferred part of it to another region at a lower altitude where the negative leader was more highly branched. A flash in 2007 shows charge distributions along a main channel and two short branches; each of the three channels had different charges per unit length of channel.
Introduction
[2] Until recently our understanding of the rearrangement of electrical charge by lightning was primarily based on measurements of electric field at the ground, sometimes augmented by information about the location of lightning channels [Rakov and Uman, 2003] . Here, we derive more detailed spatial and temporal rearrangements of charge using (1) data from a recently developed balloon-borne vectorelectric field-change instrument, (2) data from a lightning mapping network, and (3) a model for the distribution of charge along lightning channels. The method is expandable to include additional airborne and ground-based sensors and it is applicable to both cloud-to-ground (CG) flashes and intracloud (IC) flashes. The two examples presented here are for IC flashes because they are less thoroughly studied.
[3] If the charge transferred by an IC flash during a chosen time interval is modeled by the placement of two charges with equal magnitude and opposite polarity (a dipole) to conserve charge, then seven variables must be found-the magnitude of the charge and three coordinates for each pole. Finding the seven variables would require seven constraints of some sort arising from measurements and properties of a model. The vector-electric field instrument (Esonde) provides three constraints-one for each component of the measured change in electric vector during the time interval.
And the Lightning Mapping Array (LMA) [Rison et al., 1999] around Langmuir Laboratory provides a time and spatial history of the development of lightning channels, which can be incorporated into models to provide the remaining four constraints.
[4] A model by Hager et al. [2007] places a dipole at the time of each LMA source. The time interval for calculating the change in charge for each LMA source is the time from the beginning of the flash until the time of the LMA source. The most important constraint is that both ends of the dipole must lie on a lightning channel as determined by the LMA. Other constraints limit the appearance of unrealistic solutions. Within the constraints of the model, the charge and locations of the ends of the dipole are adjusted to give the best fit with the measured electric vector at the Esonde. The agreement is excellent. We refer this model as the "Constrained Dynamic Dipole" model.
[5] Although the model of Hager et al. [2007] produces an excellent fit to the measurements, there is room for alternate models since earlier measurements and calculations indicate that the charge on lightning is not concentrated at two locations, but instead is spread out along the channels [Proctor, 1981 [Proctor, , 1997 Weber et al., 1982; Few, 1970; Krehbiel, 1981; Liu and Krehbiel, 1985] . A distributed charge on a conductor is also predicted by electrostatic theory.
[6] The model presented below also places a dipole at the time of each LMA source, but the time interval for calculating the change in charge and the locations of the ends of the dipole is the short time interval since the previous LMA source. With this model, a spatial pattern is built up by leaving each incremental dipole in place. Thus, instead of producing a moving dipole, as did Hager et al. [2007] , this model produces an accumulation of dipoles, and is called the Time-Dependent, MultiDipole (TDMD) model. The most important constraints are (1) that one end of the dipole must be placed at the location of the most recent LMA source and (2) that the other end of the dipole must be placed on an earlier LMA source. There are some exceptions to these constraints and some additional constraints to conform to our present understanding of lightning. As time progresses and the lightning channels become longer and develop more branches, more dipoles are added to produce a time-varying spatial distribution of charges. The modeled electric vector components are a good fit to the measured values.
Instruments

Esonde
[7] A detailed description of the Esonde used in 2004 is given by Sonnenfeld et al. [2006] . Briefly, the Esonde uses four sensing electrodes to determine the changes in electric vectors for a few seconds after any chosen initial time, such as the beginning of a lightning flash. The Esonde also carries a three-axis magnetometer to determine the instrument orientation as it rotates around a vertical axis. In 2004, the signals were digitized with 16-bit resolution and sampled at 10,000 samples/second. Data were lost during 2-second dead times as data were written to the compact flash card. The Esonde that flew on 24 August 2007 had a new data acquisition system that continuously recorded electric field data at 70,000 samples/second. Because the TDMD model is extremely sensitive to instrumental noise, the noise level was reduced by smoothing the measured electric fields with a 50-point moving average. To find the field variations due to lightning flashes, we employed the method of Hager et al. [2007] to remove the small electric field variations from the motion of the Esonde and from charge-separation processes, leaving only the contribution from lightning.
[8] The Esondes were launched from the Balloon Hangar (33.9823°N, 107.1882°W) at Langmuir Laboratory, which is located 3200 m above sea level in the Magdalena Mountains of Central New Mexico. A cloth drag device was placed between the balloon and the Esonde to reduce instrument swinging, but the rotation about a vertical axis was not reduced. A line-cutting device released the balloon so that the Esonde and other instruments could descend beneath a parachute. Latitude, longitude and other information were telemetered from the balloon to a ground receiving station for instrument and data recovery.
Lightning Mapping Array
[9] Rison et al. [1999] first describe the type of lightning mapping network currently in use around Langmuir Laboratory, which is called the Lightning Mapping Array. The Array has a number of radio receivers spread over tens of kilometers operating in the 60 to 66 MHz frequency band, which record the arrival times of electromagnetic pulses from lightning flashes. Computations using the arrival times and locations of multiple receivers yield the times and locations of some of the radio-frequency (RF) sources (called LMA sources). Typically, hundreds of LMA sources are computed for a single lightning flash. These sources clearly show lightning leaders that carry negative charge, but lightning leaders that carry positive charge emit far fewer detectable RF pulses and are less well delineated, which is a disadvantage. However, the difference in emission rates does serve to distinguish between leaders carrying positive and negative charge. The few sources from positive leaders may not be from the positive leader tips, but instead may arise from later breakdown processes (variously called "K processes", "K streamers", or "recoil streamers") that begin near or upon positive leader channels [Ogawa and Brook, 1964] .
[10] The LMA around Langmuir Laboratory has about 12 receivers located within 30 km from the Laboratory. Each station recorded the time of the peak signal level in each 10 ms interval. The goodness-of-fit of the computer solutions for LMA sources is evaluated with a reduced chisquare (c 2 ) value [Thomas et al., 2004] . Our analysis uses LMA sources that are located with c 2 < = 1 using data from at least eight or more stations. To reduce the number of incorrect sources arising from corona discharges or other noise local to only a single station, LMA sources were deleted if they were located at unreasonable altitudes (above 20 km or below ground level) or far away from regions with well mapped lightning channels.
[11] Thomas et al. [2004] describe the accuracy of the LMA as it was configured in a field program in Colorado and Kansas in the summer of 2000. The location error of the LMA, primarily due to the uncertainty (about 50 ns) in the arrival time measurement, is less than 50 m for the LMA sources within 30 km from the center of the LMA network. This uncertainty prevents an identification of the detailed structure of a lightning channel, and thus underestimates the channel length. Below, "channel length" refers to a length along a smoothed curve inside the scattered LMA sources.
Conventions
[12] Both the Esonde and the LMA use the Global Positioning System (GPS) for timing and position. The main coordinate system for electric vectors and positions is oriented so that the x-axis is east, the y-axis is north, and the zaxis is up. The origin of the coordinate system is at mean sea level (msl) below one corner of the Langmuir Laboratory Annex building (33.9753°N, 107.1811°W).
Model
[13] The TDMD model deduces the charge transfer along intracloud lightning channels with a temporal and spatial resolution provided by the LMA data. This model finds the charge transfer during the time interval between consecutive LMA sources by creating a dipole that consists of two charges of equal magnitude and opposite polarity placed at two LMA sources. Since each dipole stays in its place, the charge transfer during the entire flash consists of a number of dipoles that emerge sequentially.
[14] Since a dipole is specified by seven variables, the measurements and model must supply seven constraints. The most recent LMA source location (the "known end" of the dipole) and the most recent electric vector change measured by the Esonde provide six constraints. The seventh constraint comes from requiring the unknown end of the dipole to be located at an earlier LMA source, which implies that the charge deposited at the dipole's known end is transferred from a cloud region that has been affected by previous electrical breakdowns detected by the LMA. Both Sonnenfeld et al. [2006] and Hager et al. [2007] have used similar methods to provide the seventh constraint.
[15] The TDMD model also includes additional constraints on the unknown end of a dipole based upon conclusions from earlier research. Most IC flashes can be divided upon visual inspection of the LMA mapping results into an active stage and a final stage [Shao and Krehbiel, 1996] . During the active stage, electrical breakdown proceeds in two regions: (1) negative leaders propagate into regions of positive charge, producing many LMA sources from copious radiation at VHF frequencies, and (2) positive leaders propagate into regions of negative charge, producing fewer LMA sources from weaker radiation at VHF frequencies. During the final stage, the negative leaders have stopped propagating, but some fast waves (K processes) originate and propagate in the negative cloud region and sometimes further into channels in the positive cloud region where they occasionally extend the channels left by the initial negative leaders [Ogawa and Brook, 1964; Shao and Krehbiel, 1996] .
[16] In the TDMD model, each LMA source is categorized according to the polarity of the cloud region where it is located and whether it occurs in the active or final stage. Consider the four possibilities:
[17] 1. During the active stage, if the most recent LMA source is located in a positive cloud region (i.e., comes from a negative leader), then negative charge is placed at that LMA source, and the other, positive, end of the dipole is placed either at an earlier LMA source in the negative cloud region or, alternatively, at an earlier LMA source along the leader channel in the positive cloud region. The latter possibility allows for a rearrangement of charge within a channel segment.
[18] The very first LMA source is a special case because there is no prior LMA source at which to place the other end of the dipole. In this case, the location is assigned to the positive cloud region, paired with the first source to appear (later) in the negative cloud region, and zero charge is assigned to both sources. This step may seem pointless since no charge is assigned, but it serves to put the two sources on a list to be used to fit field changes occurring later in the flash.
[19] 2. Again during the active stage, if the most recent LMA source is instead located in a negative cloud region, positive charge is placed there. The other end of the dipole (a negative charge) will be placed at an LMA source along a negative leader channel in the positive cloud region; prior LMA sources in the negative cloud region are excluded. No distinction is made between LMA sources from a positive leader tip or from the initiation point of K processes or "recoil streamers." [20] 3. During the final stage, the LMA sources are relatively sparse. As in the active stage, if the most recent LMA source comes from the positive cloud region, it is treated as the negative end of a dipole, and the positive end is chosen from earlier LMA sources in either the negative or positive cloud region.
[21] 4. Again during the final stage, if the most recent LMA source comes instead from the negative cloud region, the other end of the dipole is constrained to lie also in the negative cloud region. According to Shao and Krehbiel [1996] , during the final stage the charge transfer between the negative and the positive cloud region has mostly ceased. Therefore, all the LMA sources other than those appearing in the positive cloud region will most likely represent charge transfer confined in the negative cloud region.
[22] To implement the above rules, the LMA sources are visually inspected and determined to be in one of the regions and either in the active or final stage according to criteria based on our understanding of the papers by Shao and Krehbiel [1996] and Coleman et al. [2003] . Then, a new column of numbers is added to the LMA data file; the row for each LMA source is given a number corresponding to the region and time of occurrence.
Algorithm
[23] The electric field change at the Esonde since the flash onset is treated as an accumulation of charge transfers that are assumed to occur during successive intervals between LMA sources. Since the times of LMA sources are not identical to the times of measured electric field-change samples dE(t), the electric field-change data are interpolated to match the LMA source times.
[24] As described earlier, the very first dipole is assigned zero charge at both ends. One end is assigned to the location of the first LMA source, which is the beginning of the negative leader, and the other end of the dipole is assigned to the location of the first LMA source to appear later in the negative cloud region.
[25] For each remaining dipole, one end is located at the most recent LMA source and the other end is to be located at one of the previous LMA sources. The previous LMA source location to be used and the magnitude of the dipole charge is determined by a least squares optimization to best match the electric field change dE M from the model to the measured electric field change dE(t n ). The calculated electric field change during the nth time interval is
where R b is the location of the Esonde ('b' stands for balloon), r n,k is the location of the known ('k') end of the dipole (the location of the most recent LMA source), r n,u is the location of the initially unknown ('u') end of the dipole, dQ n is the change in charge at the known end of the dipole during the nth time interval, and " = 8.85 × 10 −12 is the permittivity of free space and approximately that of air. The position vectors with primes are locations of charge images below the ground. The average ground level for the flashes presented here is 1.83 km above sea level.
[26] The unknown quantities r n,u and dQ n are found by minimizing
[27] There is one exception to the minimization procedure. For dipoles representing a relocation of transferred charge to an LMA source along the negative leader channel, a new charge to be deposited upon a previously deposited negative charge is not allowed to change the sign of charge at that location. This constraint eliminates artifacts that appeared when applying the model to other intracloud flashes.
[28] The above methods are applied below to two intracloud flashes. 
Flash IC_195649 on 18 August 2004
[29] Flash IC_195649 was one of five flashes that initiated in a cell east of the Balloon Hangar and north of the balloonborne Esonde. The flash began 7 km northeast of the Esonde and then spread out 20 km to the north and back a few kilometers closer to the Esonde.
General Observations for IC_195649
[30] The LMA sources and electric field changes for Flash IC_195649 are plotted in Figure 1 . This flash lasted 470 ms and exhibited a relatively complicated bi-level structure. Most LMA sources were produced by a negative leader that began 7 km above sea level, quickly ascended to an altitude of about 10.5 km, traveled horizontally for 220 ms and then descended to 7 km altitude for another horizontal run. The descent to 7 km (at the time of a dashed line and a diamond symbol in Figure 1 ) coincides with a nearby discharge with a positive current of 10 kA detected by the U. S. National Lightning Detection Network (NLDN). Discharges reported by the NLDN with currents of 10 kA can be produced by intracloud discharges [Biagi et al., 2007] . The propagation of the negative leader at two altitudes suggests it was following a layer or layers of positive charge spanning those altitudes. The same spatial development was also observed in a flash four minutes earlier and another flash two minutes later. The negative leader ceased propagating at time t c in Figure 1 , which was about 120 ms after the descent to a lower altitude. After the negative leader stopped, nearly all the LMA sources (green) were located in the negative cloud region. Following the terminology of Shao and Krehbiel [1996] the period before t c is called the "active" stage, and the remainder of the flash is called the "final" stage.
[31] In Figure 1 the LMA sources in blue are primarily associated with the propagation of negative leaders in the higher positive cloud region, which is before the NLDN detection time, while the LMA sources in cyan are located in the lower positive cloud region after the NLDN detection time. There is a single cyan point 10 km above sea level at 19:56:49.415 UT, which is after the leaders stopped propagating; this point is most likely from a K process that initiated in the negative cloud region and propagated along the pre-existing channel into the higher positive cloud region, a process described by Mazur and Ruhnke [1993] and Shao and Krehbiel [1996] . The mean speed of the negative leader in the higher positive cloud region is estimated from the dark blue data points to be about 1.0 × 10 5 m/s. For the cyan-colored LMA sources in the lower positive cloud region the speed is about 1.6 × 10 5 m/s. [32] Red and green colors are used to indicate LMA sources thought to be in the negative cloud region. The red points in Figure 1 show LMA sources that appear before a gap of 70 ms that began at 19:56:49.29 UT, after the NLDN detection time when the negative leader dropped down to a lower altitude. The green points show locations and times of sources after the gap. Before the gap the LMA sources in the negative cloud region were confined within a compact region with a radius of less than 5 km around the flash origin (red points in Figure 1c ). After the gap the LMA sources spread into a larger area (green points in Figure 1c ) and continued after the leaders stopped propagating.
[33] Figure 1b shows the electric field changes during Flash IC_195649 when the Esonde was 3.8 km altitude above sea level and a few kilometers horizontally away from the negative charge region. All three components of the electric field have roughly the same shape and become more negative with time. Since some fast variations in the electric field are not visible in Figure 1b , the times of all fast variations are indicated by short vertical line segments at the top of the figure, with blue for negative and red for positive changes in the component E z .
[34] While our subject here is the TDMD model, we deviate briefly to the simpler distributed-charge model described by Sonnenfeld et al. [2006] because it lets us understand qualitatively the declining electric field in Figure 1b without a computer model. In the distributed model, a constant negative charge is added at each new LMA source while a equal positive charge is created at the location of the first LMA source (the 'x' in Figure 1c ). Since the negative leaders in Flash IC_195649 move away from the instrument and leave even more positive charge northeast of the Esonde, the x and y components of E become increasingly negative. Similarly, because the Esonde is always below all the LMA sources in the negatively charged region, the z component also becomes increasingly negative.
TDMD Applied to Flash IC_195649
[35] The TDMD model produces charge transfers that closely reproduce the electric field changes. The electric field components from the model are plotted in Figure 2 along with the measured components from the Esonde. The agreement is good. [36] The total charge (Q T ) transferred by Flash IC_195649 from the negative cloud region and into the positive region was about −92.0 C (Figure 2b) . Nearly all the charge was transferred before t c , and thus the mean channel current during the 370 ms active stage was about −250 A. IC_195649 was modeled as 786 individual dipoles (one per LMA source). Of these, more than half (412) contributed to Q T . The remaining dipoles rearranged charge within the same cloud region (i.e., negative charge moved to another part of the negative region, or positive charge moved within the positive region).
[37] The current due to each new dipole is calculated as I(t n ) = dQ(t n )/(t n − t n−1 ), where n is the LMA source number. To reduce the noise introduced by approximating a derivative, the currents were averaged in groups of ten. The resulting time-dependent current is displayed in Figure 2c .
The current magnitude was typically below 1 kA, but higher currents flowed when the negative leader propagated into the lower positive cloud region after 49.27 s. Unsurprisingly, the current spikes calculated by the model are associated with the sharp steps in the measured electric field. The largest step coincided closely (within about 1 ms) with the time of the NLDN-detected discharge. Notice that the TDMD model gives a current of 1.8 kA associated with the largest step, whereas the NLDN shows 10 kA, as we mentioned earlier. This discrepancy could easily result from the 50-point moving average applied to the Esonde measurements in order to reduce noise and to the averaging of currents.
[38] Figure 3 shows how charge was redistributed in both negative and positive cloud regions by IC_195649. In this flash, the negative channel propagated into two positive cloud charge regions. Figure 3c indicates that about −17 C negative charge was deposited in the higher positive cloud region, where the lightning channel along with the discernible branches had a smoothed length of 35-40 km, and therefore the mean line-charge density was about −0.45 mC/m. Most negative charge was transferred to the lower positive cloud region, where two long branches developed. As indicated in Figure 3c , more than half (−54 C, or 59%) of the total charge transfer was deposited in the west portion, where the lightning channel had small branches and a smoothed length of 20-25 km, and thus we estimate the line-charge density along the channel to be −2.4 ± 0.3 mC/m. Along other lightning channels in the lower positive cloud charge, the line-charge density is estimated to be −1.1 ± 0.2 mC/m. The negative lightning channels developing at lower altitudes had a larger line-charge density than those at higher altitudes.
[39] Figure 3d shows, in red, the source of the negative charge that was redistributed in this flash, centered at 6.5 km altitude. Near the initiation region of this flash we identify several points (large square boxes) where over + 5 C positive charge was deposited. These regions may originally have had large local concentrations of negative cloud charge.
[40] The model further shows that K processes late in the flash (such as the green dots labeled "+3 C" in Figure 3d ) transported only a few coulombs of negative charge from the peripheral area to the flash origin, leaving a region of positive charge, which might have been a lower region of positive charge of the sort encountered in airplane flights [Mo et al., 2002] and balloon flights [Marshall and Winn, 1982] .
[41] The primary action of IC_195649 was to transfer negative charge from a relatively compact source region to a positive cloud region about 10 km away at nearly the same altitude. Some of this negative charge was transferred in two steps, first to a higher altitude and then beyond to a lower altitude. Figure 4a shows the charge distribution at 19:56:49.27 UT, when −33 C had already been deposited in the higher positive cloud region and the negative leader was starting to descend to a lower altitude. Figure 4b gives the result at the end of the flash. Notice that of the −33 C deposited initially in the higher positive cloud region, only −17 C remained at the end of the flash. The rest had moved on to the region at a lower altitude. The movement of negative charge to the lower region along the developing lightning channel implies that the lower region initially had an electrostatic potential higher than the channel in the higher cloud region. But most of the negative charge deposited in the lower cloud region (−59 C out of −75 C) came from the distant negative charge, which was also at a low altitude.
[42] In addition to the Esonde, a ground-based field mill with a bandwidth of about 5 Hz recorded data at the Balloon Hangar. Flash IC_195649 caused a field change of −6.0 kV/m, which is in good agreement with the −5.9 ± 0.5 kV/m calculated from the TDMD model. In this calculation the influence of the mountainous terrain on the local electric field at the Hangar is taken into account applying the finite element method described in Appendix A.
[43] Earlier we described the simpler distributed-charge model of Sonnenfeld et al. [2006] . The TDMD model agrees with that model: negative charge moved farther away from the Esonde, leaving positive charge behind.
Comparison With the Constrained Dynamic Dipole Model
[44] Hager et al. [2007] applied their "Constrained Dynamic Dipole" (CDD) model to Flash IC_195649. In the CDD model, the result of charge transfer from the beginning of the flash up to any later time is treated as a single dipole that consists of two point charges restricted to lie on LMAmapped channels. With this moving dipole, the model produces an electric field at each time that is essentially indistinguishable from the measured electric field at the Esonde. In addition, the overall electric field change from the final dipole in Flash IC_195649 agrees with the measured electric field change at the Balloon Hangar.
[45] Although both the CDD and the TDMD models produce charges whose electric field changes agree with measured electric field changes at the times of each LMA source, the charge distributions are quite different. For example, the CDD model estimates the removal of −62 ± 13C from the negative cloud region, whereas the TDMD model estimates the removal of −92 ± 9 C. Figure 5 shows the −62 C and the −92 C as black dots overlaid on the LMA sources. They are in very different locations. Figure 5 also shows the positive charges (black squares) placed by each model. The positive charge locations agree better than the negative, for reasons we discuss next.
[46] In Flash IC_195649 the measured electric field is far more sensitive to the positive charge placed in the negative cloud region than to the negative charge placed at greater distances from the Esonde. The CDD model must place a single charge (one end of the dipole) on some lightning channel in the negative cloud region. The TDMD model, on the other hand, shows that the geometric centroid of the distributed charge placed in the negative cloud region is equivalent to a single point charge that is not on any lightning channel ( Figure 5 ). The larger charge magnitude in the TDMD model arises because the equivalent charge in the TDMD model is farther from the Esonde than the nearby positive end of the CDD dipole.
Flash IC_230703 on 24 August 2007
[47] Instead of propagating away from the balloon-borne Esonde, the main negative leader in Flash IC_230703 propagated toward the balloon, passing at a distance of 2 km at an altitude of 9.7 km above sea level. Another Esonde suspended from a tripod on the ground near the Balloon Hangar improves the analysis.
General Observations for IC_230703
[48] Figure 6 shows the essential data for the analysis. The flash lasted about 500 ms, with a 300-ms active stage. The first, short negative leader (black dots), which propagated away from the balloon for roughly 0.1 s, caused only small electric field changes at both instruments. Roughly 20 ms after the first leader stopped, the second, main leader (blue dots in Figure 6 ) began near the same point as the first leader and then propagated past the balloon with a mean velocity of 0.9 ± 0.2 × 10 5 m/s, causing large electric field variations. Since most of the LMA sources for the main leader occurred between 8 and 10 km altitude and the Esonde was at 9.7 km, the DE x and DE y components are larger than the DE z component.
[49] The greatest electric field variation at the balloon did not occur until the negative leader branched in the positive cloud region at a point 2 km south of the balloon-borne Esonde. The longest branch of the channel developed toward the northeast and ascended to an altitude above 10 km. The variations in the components of DE can be understood qualitatively from the position of the balloon and the path of the main leader. For example, the negative charge deposited east of the balloon caused DE x to increase significantly after the leader tip passed the balloon.
[50] After the negative leader ceased propagating (at time t c in Figure 6a ) the LMA sources (green dots) were mainly from K processes that propagated between 5 and 8 km altitude and had little effect on the electric field at the instruments, but two of these waves passed by the balloonborne Esonde and extended the leader channel (turquoisecolored dots) with a noticeable effect on DE, which is particularly visible in DE x .
TDMD Applied to Flash IC_230703
[51] With a balloon-borne Esonde and another Esonde hanging from a tripod near the ground, it is possible to refine the magnitudes and locations of the charges placed at LMA sources. Figure 7 compares the results using only data from balloon-borne Esonde with the results using both Esondes.
Results Using Balloon Data Only
[52] The left column of panels in Figure 7 shows results using only the balloon-borne Esonde. Figure 7c shows that the Esonde vector components are reproduced fairly well using the charge distributions that built up to the final distribution shown in Figure 7a .
[53] Once the time-varying charge distribution is known, we can use it to calculate the field change observed at any other point. Figure 7d is an attempt to deduce the timevarying electric field at the ground-based Esonde using the charge distribution derived only from the balloon-borne Esonde. The deduced magnitude of the field at the ground is only one third of the value measured by the ground based Esonde. The electric field change at the ground is a superposition of electric field changes from the rearrangement of positive and negative charges in the cloud. The contribution to the electric field from the new positive and negative regions are nearly equal in amplitude in this case, and therefore the overall electric field change at the ground becomes sensitive to uncertainties in the model results. Thus it is desirable to include the ground measurement in the TDMD model to provide an optimum solution.
[54] To modify the TDMD model to fit both the balloon and ground measurements, the effect of the mountainous terrain should be taken into account, but the methods used Figure 6 . LMA source locations and electric field measurements for Flash IC_230703. Early and late LMA sources in the negative cloud region are colored red and green, respectively. LMA sources from the initial and subsequent negative leaders are colored black and blue, respectively. LMA sources from two K processes that propagated into the positive cloud region and extended the leader channel are cyan. A large 'x' marks the first LMA source. In Figure 6a , t c is the time when the negative leader ceased propagating. Model results for Flash IC_230703 using balloon-borne measurements only (left-hand column of panels) and using both the balloon-borne and ground-based measurements (right-hand column of panels). At the ground-based Esonde, only the electric field component perpendicular to the ground is shown; the other two components are negligible since the ground is a fairly good conductor.
in Appendix A, for Flash IC_195649, are too cumbersome to apply to the large number of LMA sources. For Flash IC_195649, we had only slow electric field data at the ground, and thus the finite element method was applied only to the overall field change at the ground, and then only using aggregated clumps of charge instead of all of the charges placed by the TDMD model. For the present example, Flash IC_230703, incorporating the ground data into the TDMD model would have required using the finite element model multiple times for each unknown end of the dipole for each of the many LMA sources. Instead, a fictitious conducting ground plane was used instead to make some headway without huge computation costs. However, we did apply the finite element method for selected number of times during Flash IC_230703 and for several regions of charge at each time to make the plot of Figure 7d .
[55] The electric field at the fictitious conducting ground plane located at 1.83 km above sea level was calculated for each time from the distributed charges. Then, a correction factor a was applied to account for the curvature of the ground and the actual ground level. The correction factor a was found in the following way: For a limited number of charges at locations representative of thundercloud charges, the electric field at the Balloon Hangar was first calculated using the finite element method described in Appendix A. Then, using the same charges, the electric field at the Hangar was also calculated for a grounded surface at 1.83 km above sea level. The correction factor a is the electric field at the Hangar from the first method divided by the electric field at the Hangar from the second method. The result is that a ranged between 2.0 to 2.4 for various locations of charges. In the next section, the TDMD calculations use a = 2.4, but other values of a between 2.0 and 2.4 do not change the conclusions.
Results Using Both Esondes
[56] Data from the ground-based Esonde can be incorporated into the minimization process used in the TDMD model. The absolute value of the measured field at the ground minus the field calculated from the charges on LMA sources can be added to the expression to be minimizedEquation (2).
[57] The results are shown in the right-hand column of Figure 7 . The charge distribution at the end of the flash, plotted in Figure 7e , is similar to that derived using only the balloon-borne Esonde, except that more negative charge is deposited along the part of the main channel closer to the Balloon Hangar and less negative charge is transferred to the positive cloud region. The electric field changes at both Esondes are reproduced with good accuracy.
[58] Figure 8 shows the negative charges deposited along negative channel sections. The mean line-charge densities shown in Figure 8 , which are calculated for smoothed paths, do not vary much along the main channel. The mean linecharge for the whole 15 km along the main negative leader channel is about −0.8 mC/m. The mean current past the leader initiation point was −30 to −40 A, which is significantly smaller than that found for Flash IC_195649.
[59] Two minor channels branch out from the main channel at nearly the same point (Figure 8b ). Figure 6d shows that the branch toward the southeast has more LMA sources than the branch to the northwest. In addition, the branch to the southeast accumulated more charge, −3.2 C, and a greater line-charge density, −1.8 mC/m, compared with −0.3 C and −0.15 mC/m for the northwest branch. The line-charge density for the northwest branch, −0.15 mC/m, while small, is still larger than the line-charge density of −0.02 mC/m reported by Warner et al. [2003] for a flash that passed within 100 m of a T-28 airplane.
Error Analysis
[60] Models are created when the desired variables cannot be deduced directly from measured quantities, such as when there are too few measured quantities to find solutions for the variables. The models contain constraints that take the place of missing measurements.
[61] The TDMD model provides two main constraints on the placement of the ends of each dipole. First, new charge is placed at the location of the most recent LMA source, which is reasonable given our understanding of how electrical breakdown proceeds. Second, a charge of equal magnitude and opposite sign-the "unknown" end of the dipole-is placed at the location of some prior LMA source. The second constraint is harder to justify when the location is in a region where positive leaders propagate, because of the scarcity of LMA sources produced by positive leaders. However, the second constraint would not be necessary if measurements of the electric vector were available at more locations, in which case the location and magnitude of the charge could be found directly from measurements without constraining the charge to lie on a prior LMA source. We previously explained that six of seven constraints come directly from measurements. With the addition of the ground-based Esonde, we can in principle get seven constraints from measurements. Appendix B, on error analysis, explores the use of additional data to find the "unknown" ends of dipoles.
Summary and Conclusions
[62] This paper describes a model that combines electric field measurements and lightning locations to derive the evolving charge distribution along lightning channels at many times during the flash. The times are determined by the appearance of radio-frequency (LMA) sources that accompany the extension of lightning channels.
[63] The model, called the Time-Dependent-MultiDipole (TDMD) model, has been applied to two intracloud flashes, IC_195649 and IC_230703, with different spatial patterns and different orientations relative to the balloon-borne Esonde. With this model, the redistribution of electrical charge exhibits the following behavior:
[64] 1. Charge is spread out along the lightning channels in agreement with the conclusions from a number of earlier studies mentioned in the Introduction.
[65] 2. The line-charge density varies by about an order of magnitude along different branches and along different segments of a single channel. If connected channels have a constant potential, then the charge on a channel segment would depend on the ambient potential at the location of that segment before the lightning began [Kasemir, 1960] . Thus the variations in line-charge density give some information about the pre-existing potential differences.
[66] 3. The line-charge density along a channel segment can vary with time. In Flash IC_195649 (Figure 4 ) the linecharge density along the high-altitude channel segment declines when the negative leader descends to a lower altitude and branches, which suggests that a greater potential (lower potential energy for negative charge) at the lower altitude attracted negative charge from the higher altitude channel.
[67] Given a Lightning Mapping Array and a single Esonde, the TDMD model gives better location results for charges on negative leaders than for charges on positive leaders because the former radiate radio frequencies more strongly. With additional electric field instruments that occasionally happen to be closer than the Esonde to the region where positive leaders propagate, it will be possible to find the locations of charges that do not fall on LMA sources and to understand better the propagation of positive leaders.
Appendix A: Electric Field in Mountainous Terrain
[68] Since the Balloon Hangar is located on a ridge of the Magdalena Mountains, to accurately calculate the electric field changes at the Hangar, the distortions caused by the curvature of the terrain must be included. The numerical computation of the surface electric field due to a series of dipole charges above complex terrain was accomplished using a commercial finite element method tool, COMSOL Multiphysics (a trademark of COMSOL, AB). The computational domain was created by intersecting an 80 km × 80 km × 40 km block region with an uneven surface constructed from the National Elevation Dataset (NED). Due to the limitations of computer speed and memory, we have resampled the elevation data to the grid shown in Figure A1 . Near the Balloon Hangar the horizontal grid size is 600 m, while further away (beyond the limits shown in Figure A1 ) the grid size tapers out to about 10 km. [69] The COMSOL software is used to calculate the potential and then the electric field resulting from any set of arbitrarily placed point charges by numerically solving the Poisson equation throughout the domain. The potential at the terrain surface is set to zero. The upper surface and all vertical surfaces of the computational domain have a "zero charge/symmetry" boundary condition, in which the normal component of the electric displacement is zero at the domain boundaries. The several hundred point charges generated by the TDMD model are aggregated into 11 centroids of charge for the COMSOL calculations. The centroid locations are shown in Figure A1 . This centroid approximation gives a result less than 5% different from that of the full TDMD model when tested in COMSOL over a flat ground plane for charge distributions with a horizontal spread smaller than their distance from the Balloon Hangar.
[70] With the charge centroids shown in Figure A1 , COMSOL automates the numerical solution by discretizing the computational region into a large number of tetrahedrons. We have evaluated the COMSOL solution against simple configurations of point charges above a flat ground plane for which the electric field can be calculated analytically. For the numerical solution to match the analytical solution within 10% in a 10 km-wide region around the Balloon Hangar, it was necessary to adopt a mesh of 200,000 tetrahedrons. Both the tetrahedral computation mesh and the rectangular elevation grid become coarser with distance away from the Balloon Hangar.
Appendix B: Error Analysis
[71] When electric field data from only a single balloonborne Esonde are available, the TDMD model requires that the location of the unknown end of the dipole must lie on a previous LMA source. This section attempts to determine what error might arise from that requirement.
[72] Both the dipole charge and the location of the unknown end must be found. If a charge dQ is specified for the known end and −dQ for the unknown end, then it is possible to calculate directly the location of the unknown end without requiring that it lie on one of the earlier LMA sources. If the calculations are performed for a range of charges dQ, there will be corresponding locations for the Figure B1 . Analysis of the uncertainty in the dipole configured for an LMA source (marked 'x') at 19:56:49.1795 UT during Flash IC_195649. All possible LMA sources for the unknown pole are marked with open circles, and those fitting the Esonde measurement within 5% (residual <0.05) using the TDMD model are marked with solid circles. The optimum pole is marked with a '+'. The arrows attached to the Esonde position in Figures B1a and B1b denote the direction of the measured vector-electric field change projected to the horizontal plane and to the south-north vertical plane, respectively. The charge for each possible source to best fit the Esonde measurement is plotted in Figure B1c , and the corresponding residuals are shown in Figure B1d. unknown end of the dipole along a line in three-dimensional space. The line can be found in the following way.
[73] 1. Place a charge dQ at the known source and find the electric vector at the Esonde from that charge,
[74] 2. Subtract this electric field from the total (measured) electric field from both ends of the dipole, which is given by Equation (1). The result is the electric field at the Esonde from the charge at the unknown end of the dipole,
where R b denotes the Esonde location, and r u and r u ′ are locations of the unknown pole and its image relative to the ground surface.
[76] 3. Solve Equation (B2) to find r u and r u ′ , which can be accomplished numerically with the steepest descent method [Mathews and Fink, 2004, pp.446-456] .
[77] The above calculations are applied to an LMA source at 19:56:49.1795 UT and are shown in Figure B1 . This LMA source is typical of the many sources that accompanied the placement of negative charge at the tip of the negative leader as it moved away from the Esonde leaving positive charge behind, closer to the Esonde. The magnitude of the electric field change since the time of the prior LMA source was about 25 V/m and the directions of a horizontal and a vertical projection are shown as arrows attached to the Esonde location in Figures B1a and B1b .
[78] The negative end of the dipole, the leader tip, is marked with the 'x' in Figures B1a and B1b and the solid dots mark all the LMA source locations where charges would fit the Esonde measurement within 5% according to the TDMD model. The 5% number is an estimate of the uncertainty in the smoothed Esonde measurements. Notice in Figure B1c that the locations of these LMA sources are spread out over the negative leader channel as indicated by the LMA source number, which varies with the extension of the leader tip, and the dipole charge varies between 0.08 and 0.5 C. The '+' in Figures B1a and B1b marks the optimum LMA source. Figure B1d shows residuals for fits to the Esonde data for charges placed at LMA sources; the dashed line shows that the solid dots fit within 5% (less than 0.05).
[79] The thin solid line segment in Figures B1a and B1b, is the locus of possible points-depending on the charge-for the unknown end of the dipole, according to Equation (B2). The charges along the line segment range from + 0.001 C at the end of the line close to the Esonde to + 0.5 C at the end of the line farthest from the Esonde. The line segment comes close to the LMA source (marked '+') found to be optimum by the TDMD model. In addition, the charge calculated by the TDMD model at the '+' location (+ 0.145 C) and the charge (+ 0.135 C) from the analytical solution Equation (4) for a point nearby agree fairly well. The main point here is that a constraint built into the TDMD model-that the unknown end of the dipole must be located at a prior LMA sourceagrees with one of the solutions to the analytical equation.
[80] Using the same method, we have analyzed the uncertainties in the charge transfer of other dipoles with a known end along the negative leader channel. The uncertainty in the total charge transfer is about 10%, while for some particular LMA sources associated with very small charge transfer (less than 0.01 C), the uncertainties are as large as 50%. On the other hand, for the dipoles with a known end in the negative cloud region near the balloon, charge is usually determined with small uncertainties, while the unknown pole distant from the Esonde is poorly located.
[81] Figure B2 uses an LMA source at 19:56:49.2547 UT, marked by 'x'. The field change ('28 V/m) at the Esonde was primarily due to a positive charge deposition at the known pole, as inferred from the direction of the horizontal field change. The unknown pole found by the TDMD model is marked with a '+', and other sources that fit the measurement within 5% are shown as solid dots. Though these sources were spread along the negative leader channel, the charge of the dipole varies slightly between 0.09 and 0.1 C (Figure B2c) , and the residuals vary from 0.02 to 0.05 ( Figure B2d ). As shown in Figures B2a and B2b for this source, the solutions to Equation (4) with charge varying from 0.1 to 2.0 C form a curved line that does not approach any LMA sources. The reason is that in this case Equation (4) is solved with a very small electric field, which is significantly affected by the measurement uncertainty. The field is small because the measured E is nearly equal to E from the charge at the known pole. For the case shown in Figure B2 , this uncertainty leads to a measured electric field for which Equation (4) cannot be solved for charges north of the line between the known pole and the balloon. Since all of the LMA sources are north of that line, the TDMD model finds the best solution by placing the unknown pole as far as possible from the instrument. Therefore, unless the unknown pole is so close to the known pole that the electric field of two poles is nearly the same (in amplitude) at the Esonde, the TDMD model in this case gives a good estimate of the dipole charges, but it poorly locates the distant end of the dipole. Additional measurements closer to the advancing negative leader would provide more constraints to locate the unknown pole more accurately.
